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THE STRENGTE OF PLANE WEB SYSTEMS IN
INCOMPLETRE DIAGONAL TENSION
By Paul Kuhn and Patrick T, Chiarito

SUMMARY

Two- series of diasonal-tension beams with double
uprlights were tested to destructlon while strailn measure-
ments were helng made at & lorge number of polints. The
results indiceted that the previously published method
of stress anelysls 1s somewhnt comnservative in a certain
range; the discreponey tetweon thoory and tests was re-
duccd by dropping a simplifring assumption, nnd a set
of correspondingliy roviged formulas for stress analysis
is glven in a form suitable for ready reference.

On the Dpasls of the reviged formulas, more than 100
tests made by five mnnufaciurers were anelyzed., Most of
these tests were made on beeams with single urrights. An
ecplrical formula for the falllng stress 1ln single up-
rights was derlived from the tests.

An apperndlx prescnts the results of systematic onl-
culations on structural efficlency. The graphs of the
eppeadix mry be tvsed to odbtmin first ~npproximations of
geizges for duslgn purposes.,

INTRODUCTION

A semiempirical theory for the action of shear webs
in incomplote dimgonal tonslon has been developed in ref-
erence 1. The empilrical coofficients for this theory
woere chlefly obtalned by streln-gage tests at low stresses.
In order to check the validity of these coefficlents at
high stresses, & nev investigation was started in which a
number of beame wers tested to fallure whlle the strains
vere belng measured with electrlcal strailn gages. All
the tests were made on webs with double uprights. In-



formatlion on the fallure of single uprights was obtalned

by analyzlng the results of tests made by five manufacturers.
These tests were made avalilable to the NACA by the Joint
actlon of the Army, the FNavy, and the Civil Aeronautics
Authority in a general effort to effect coordination betwsen
existing structural data and theories. The manufacturers!
torts alsgo ylelded somo information on wed fallures and
rivet fallures.

The paper 1s dlvided into two parts. The first part
deals with the expsrimental investigation carried out by
the NACA, The second part 1ls of an analytical nature and
1s divided into two sections. The first sectlion glves the
formulas used for stress analysis in a form suitabdble for
roady recference. The second sectlon discusses the amount
of experimental evidence avallable on specific ltems, the
scatter 1indicated by the test data, and other pertinent
information that may be useful 1n Judging the rellance to
be placed on any glven formula, An appendlx discusses the
question of structural efficiency of the web system on the -
bagsis of the new Fformuiee for stress analysis. The graphs
given may be used &8 alds 1n obtalning the proportlions for
a balanced Adeslgn,

Attention 1 l1l2d to the fsct that some symbolsg
usod in thig report _heve g slightly different meaning than
in roference 1. The chenges were made to pecrmit simpli-
ficetlion of a number of formulas.

SYMBOLS
Ay actual cross—-sectlonal area of upright, square
inches
Ay effective cross—-sectlonal area of upright, square
e inches
rivet dlameter
Cq rivet factor (l Tivet piton

Cy» Cy stress factors
E modulus of elasticity, kips per square lnck

¢ shear modulus, kips per square inch



effective shear modulus, taking into account
dlagonal-tension effects

‘effective shear modulus, taking into account

diagonal~-tenslion' effects and effects of
exceeding the proportional limit of ths
materlal

effective column length of upright, inches

applied load, kips

internal force in upright, kips

ultimate applied load, kips

transverse shear force 1a web, kips

volume of material (web and uprights) per imch
run, sgunars inches

spacling of uprizhts, lnches

depth of berm, back of top flange to dback of
bottom flangze, inches

cffective depth of beam, certroild of top flange
to centroid of bottom flangs, lnches

depth of heam, centrold of rivets in top flenge
to centroid of rivets in dbottom flange, lnches

length of uwpright, centrold of attachment rivets
in top flange to centroid of attachment rivets
in bottom flange, 1inches

dlagonal~-tenslion factor

thilckness of web, inches

thickness of uprights, inches

angle between axis of beam and direction of
dlagonal tenslon

strain. in web parallsel to axis of dlagonal teansion



€y strain in flange caused by diagonal tension

€y strain in upright caused by dlagonal tension

P radius of gyration of cross sectlion of upright
with respect %o centroidal axis parallel to
wab, lnches '

Oy compressive stress in wpright‘caused by
diagonal tansion, kips per squars 1lach

T nominal ghear stress in wedb, kipe per squere
inech, In most cases, thls satress may be
computed by the anproximate formule T = §/hgt

Ter critlical shear stress, kips per square ine’

Teq equivalent shear stress, kips per square dnch

wa parameter of flange flexibdility

I, EXPERIKENTAL INVESTIGATION

Tegt ObJects and Procednres

Megt specinengs.- The test specimens congisted of -
13 beams in two series wiith nominal depths of 40 inches
and 25 inches., The deteiled dimsnsions of the beams -are
lven 1n table I. The woabs and the uprlghts were- of
245~T7 aluminum alloy with-the exception of the wed on
beam 25-3, which was of 17S8~-T alloy. Tha flangose of the
40-1nch beams were of steal, The flanges of the 25-ingh
beams wers of 245-T7 alumlnvum alloy. ¥lgure 1l gives the
general dimensions of the teams and-figure 2 shows the
cross sections of the uprights.

Test procedure.- The beams. were. attached to a heavy
steel structure by steel anglea. When the maximni Teet

loads were larger than 8 klps, the test loads were applilsd
to the beams by a portadls hydramlic Jack of.100-kips
capaclty. This portable Jack iz equipped with a load-
indicating system of the hydraulic type-used in testing
machines, ¥For loads lesa than 8 kips, & hand-operated .
hydraunlic Jack was used, end the load was measured with

8 platform acale of 12 klps capacity. A ‘typical.set-up
for e 25-inch beam ie shown in figure 3.



Most strain measurements were made with electrical
straln gages of the wire-reéslistance type fabricated by
the NACA. @ages were always used 1n pailrs on oppoeite
gldes of the beams t0 eliminate the effects of local
bending stresses. ¥For purposes of strain measurements,
end effects were assumed to oxist over a lengthwise
dlstence equal to half the depth of the beam from the
root and from the tip. 8Straln measurements were usually
taken on ell of the uprights and in all of the webd panels
not subjected to the end effects. The test results shown
in the flgures aro group averages obtalned by averaging
the results of all gages contained in tho same longthwise
groups The numdber of sitraln geges used for one test
varled from 32 $o0 70; the smallest numbor were used with
an uprlight spacing equal to the depth of the bean.

Deflections of the beams were measured by the method
shown schematically in flgure 4. A llight truss holding
dial gages reading to 0,001 inch was fastened to the
beam by means of a vertical arm. This arm was securely
fastened to the upper and the lower flange of the beam
at the statlion whare the inboard wod reinforcemert ended.
The outermost dlal was locatod at the station where the
ountboard web reinforcement began. The deflection measure-
monts were thus confined to the ruglon where the wed was
of singlo thickness, and tho reference line was the tangent
to the clastlc llne of the beam at the inboard end of this
reglon,

In order to prevent fallure of ths beams by twistlng,
lateral support was provided in the form of parallel-motion
links, These links conslsted of two angles each and were
held at the far ends by a space trusswork bolted to the
backetop. The tip of this trusswork is visible in figure
3 Juet beyond the tlp of the beam. The links may be seen
in figure 5. . .

Deflections of.the uprighte normal to the plane of
the web were measured on some beams by dial gages, &as
shown in figure 6., These maeasurements were abandoned be-
cause- the deflections were practically zero in the load.
range where 1t was considered safe to leave the gages in
place,

The 45° triangle prominent in figure 6 was used to
measure tho oclongation of & 45° line. Microscopes egquipped
with filer micrometers werse clamped to the angle and served
as measuring lnstruments. The measurements were lntended




chiefly to check for the existence of permanent elongation
in the wed, They were abandoned after a few tests because
1t was found that permanent set began later than anticlipated
and that the predictlions of upright fallures were unreliable
and unconsarvetlve, The unexpected occurrence of upright
fallure Jcopardlzed the safety of the equlpment,

Follure of the uprights by forced twilsting 1s shown
in figure 7. This type of fallure 1s typlcal of thin
uprights. '

Accuracy of megsurementg.~ The errors of the load
measurements were not more than one-half of 1 parcent.
Web thicknesses vwere measured on a large number of
stetions; the average thlckness can probably be reliod on
to =*0.0002 1inch. The cross~sectional areas of the
uprights and of the flanges were determined by welghing,
except for the steel flanges used on beam 40-1 and bdean
40-2, whlch were determined by measursment. (ross—sec-
tional areas for eluminum-~alloy sectlons determined by
waighing are probadly accurate to x*1l porcent; the errors
in tho cross-sectlional areas of ths steel flanges are
probadbly larger, perticularly whon determined by measure-
ments, but 1t is not posslble to glvs quantitative esti-
mates. The eccurecy of the strain measurements is estil-
mated to £4 percsnt.

MTest Results

Stresses in wecbs.,—~ Tho strair moasuroments on the
wobs wero taken at anglos of 45 with the boam axos, The
obgerved strailns wers multipliod by the factor B to
obtain stross values; tha rosulting stirossos #ere, of
courso, nominal bocauso the statoc of stress was actually
tmo-dimengional, Yhon tho strossos oxceeded the pro-
portional 1limit, the stress-—straln curve of tho materilal
wae used to convert tho moasurod strains into strosses,
Individual stress—strain curvos -tore taken only for the
wobs oxpected to fall boforo failure of tho uprights took
place; an avorago stross—straln curvo was usod‘to convert
the strain roadings on the other webs 1lnto strosaes, The
rogulting eaxperimontal stress values =are shown ?n fizure 8.




The caloulatod stresses shown in figure 8 were
ohtained as follows: ° - :

The theory of, incomplete dlagonal tensilon developed
in reference 1 assumes that the stress in the wed can bde
described by superposing the effects of a dlagonal-tension
load k§ and a shear load (1 - k)S. If the angle o . of
the dlagonal tension 1s assumed to be 45°. the nominal
stress along a 45° 1line 1s

B = p | 2Tk, T(1 - k(1 + u)]

- B E

-
=T |1+ p+k (1=~ u)] (1)

The valus of Folsson'ls rotio N wes taken as 0,30,
The setress glven by formulia (1) is an average stress.
The maxlmum stress is glvex by the formula

- )
Be =7 |1l+p+k (1- u)J (1 + kCj) (12)
L

where C, 18 a factor of siress concentration caused bdy
flexibllity of the flanges; thls factor will be discussed
later,

The stress given by formula (1) is plotted in figure
8 as a dashed line, the stress given by formvla (le) as a
s0lid line. The strosses calculntsd by formula (la) should
be compared with the s*rassses moeasured oa diagonal-tenslon
lines passing through the Joints between uprights and
flanges. No correction was made t0 allow for the fact that
the angls a was not oxactly oqual to 45°., The error in-
volved 1s a cosine error and was about 1¥ percent in the
wvorst caso.

The agreemeni betwesn experimental and calculated
values 13 satisfactory on the 40-inch beams, excepting
the stresses 1n beam 40-1 at loads above 15 kips. XNo
definite cause has been esteblished for the discrepancy,
but twa factors may have a bearing on the subJect: - The
beam was loaded & aumber of times to 15 kips, and the
straln gages used were not suitable for use on buckled
sheet. A dlfferent type of gage was uséd in all the
other tesats,




On the 25-inch beams the experimental stresses eshow
a tendency to be somewhat low, It 1s belleved that this
discrepancy can be ascribed to portal~-frame action (fig. 9).
This explanation 1s supported by figure 3, which shows beam
256~1 ocarrying a load of 1570 pounds or 23 percent of the
ultimate load after the wedb had bcen completely ruptured
from flange to flange. The reverse curvature of the
flenges typical of portal-frame actlon is very evident in
figure 3,

If 1t ieg aessumed, as 2 first approximation, that the
gshear deformatiorn ¢f thc wedb and the portal-frame action
do not influence each other, ths shear S! +that is carriad
by the webd 1ls related to the total shear S by the ex=
presslon

st 1
s L. 24E1 (2)

wvhere XI 1a the bending stiffness of one flange and

Lp 1s the effective Whelght® of the portal frame. Values
of B8!'/5 are given in table II; these values are besed
on the assumption that Lp may be teken as the length of
web of single thickness (fig. 9), that 1s, the end bays
having triple thickness are considered as rigid. Inspec-
tion of figzure 8 and of tho values of S!'/S 1in tadle II
indicates that the differonces between exporimental and
calculated stresses would be reduced if the portal-frame
actlon were takoen into eccount; only on bcam 25-4 would
thero be u larger difference of an unconsorvetive nature.
In order to evolid confuslion on the figure, no corrected
calculatod curves aros shown.

Stroggog in uprichtg.~ On the first 40-inch beam,

e detailed survey of stresses in the uprights was made
with Tuckerman strain gages to study the effect that was
termed Y“gusset effect¥ in reference 1. The results of
the strain survey are shown 1n figure 10, It willl be
sean that the gusset effect is very pronounced on the
tension side (bottom side) of the beam. On the compres-
sion slde, however, no gussot effect can deflnltely bde
sald to exist except near the tip; the average of all
uprighte shows a gusset effect only at the tension slde
of the beam,
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The measurements made with electrical strain gages
on the other beams are summarized in flgure 1ll, Xo
stresses on indivlidual uprights are shown in figure 1ll, -
but the averages shown are sufficient to indicate thet
the evidence concerning the gusset effect 1s conflicting,
On the 25-inch beams with 0,011~ and 0.0l6~1inch webs,
there is practically no evlidencs of gusset effect. It
would therefore seem advisable to drop the use of the
guspet factor as & reflnement not warranted by the pre-
sent state of knowledge.

Flgure 12 shows the stresses in the uprights plotted
against load. For each beam, the stresses shown are those
for the most highly streessed station along the uprights
in each case. The calculated stresses are generally 1n
good agreement wlth the maximum experimental wvalues Ffor
the 40-~inch beams., The only exception 1a the first 40w
inch beam; on this heam, the maximum stresees were hligher
than the calculated stresses.

On the 25-inch beams, the wedb was 80 thin that the
condition of pure dlagonal tension should have been
approached very closely. The upright stresses meoasurod
on those beams woere therefore expected to bes in closer
agrcomont with the thoory than the strcesses measursd on
the 40-~1inch becams, The reverss was true; inspection
of figuroe 12 shows that the measured upright strosses
in tho 25-1inch beams woroc considorably lower than the
calculated strossoe, The differences are too large to
be explalned by portal-frame action, although thls actlon
was suffliclont to oxplaln most of theo dlifferences betwoen
obsorved and ¢alculated wed strosses. The thoorotical
calculation of the angle a might be thought to be in-
acecurate; such moasuroments of a as were made 1indicated,
however, that o was sllghtly above rathor than below
the calculated valuve. No explanation for the discropancy
hes beon found thus far.

The streasses 1ln the uprights constltute the most
sensltive criterlon for the validity of any theory of in-
complete ‘diagonal tension. -Figure 12 shows the theory
used in this paper to be in very satisfactory agreement
with the test results on the 40-inch beams and to be
conservative for the 25-~inch beams, Webs as thin as
those usoed on the 26-inch beams will seldom be encoun~
terod in practice,
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Zallures of uprights.~ On all but doam 25-7, the
uprights were rather sturdy (t,/t = 3) and failed by
column action; a typical fellurs is shown 1n figure 5.
The ratlo of developed strength to predlcted strength
varied from 0,99 to 1.37 (table II)., The uprights on
bram 235-~7 were deslgned to fall dr forced twisting. the
failuro is shown in figure 7.

Rivets upright-to-web.~ 1In all except beam 40-1
and beam 25-7, the upright-to-wed rivets were designed
for the first test to have a strength 1lan double shear
approximatsly equal to the load on the upright at fallure
(tadble III). On beam 25-7, the rivet spacing was arbi-
trarlly dacireased to make the uprights and the wed act
ag a unlt as long as posslble in spite of the locallized
.nature of the fallure oxpected, namely, fallure by forced
twlsting.,

On bsam 40-4a thy wed was not damaged when the up-
righte falled., The uprighites were removed, stralghtened
and again attmched to the beam with the next larger size
of rivet. When the uprights wero attached, care was taken
to shift them around in order to change the relatlon be-
tween the fallure pattorn of the wedb and thse faillure
pattern of the uprights. The rivet strength of besam
40-4b was 1.57 times the rivet strength of beam 40-4a,
and the load carrled wns 1,06 times as much as 1in tho
firet test. The uprights were agaln removod, straightensd
end rcettached with intermediate rivetes added., The rivet
stroength was now thrao tlmoas the original value, and the
beam strength was found to be 1,18 times the original
valus. (See table II for data.)

Boom deflectlons.~ The comparison botween experi-
mental and calculated beam defloctions 18 shown in flgure
13, The oxporimontal doflcetions areo consilderadly lower
than tho calculated deflections on the 40-~inch beams;
on the 26-inch boams, the azrosment 1s gonorally better.
The moet obvious explanatlon for the discropancles would
be that tho effective shear modulus G oObtelned from
reference 1 is tco low, but this obvious sxplanation does
not appear to be the correct one. Plate-glirders with
thick webs (reference 3) tested in the shonr-resistant
ronge gavae conslstently smaller deflectlons than the
calculations indicatod; only a slngle beam out of 8 gave
larger defloctions. Thoe dlfference was about 6 porceat
for the total deflectlons and more than twlce as much
for the shear doflections mlone, if the single exceptlon
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" '1s ‘oxeluded. ' These results indlcato that” the simplo

formulas commonly used for computing the bending de-
floctlons and sehenr doflectlione become comservative

whon the boams are short end deep, that is, when the
length-wldth ratio 1s less than about 4 on a cantilever
boam. The fact that tho dlscrevanclos were larger in
thoe toats on the 40-1inch beams than' in 2ll other beams
may be attributed in part to the fact that the proportles
of the steel flangos wore not so accurately known as the
properties of the aluminum~alloy flangos, In addition,
en exporimental error might have beon caused by weldlng
the reforence truss to the becam flanges. The welds had
a spanwlse length of 4 inches, and i1t is posslible that
thelr effective center did not coinclde with their geo~
metrlc center,

Parmanant deflectliong.- Poermanent deflections of
the beams as indicated by the readings of the dial gages
at the tip are tabulated in tadble IV. PFor the 0,040~
inch webs, the set was only slightly above the accuracy
of the measurements at shear stresses up to 10 kips per
squars inch., In the 0.01l- and 0.Cl6-inch webs of the
25-inch beams, a definite permanent deflection was in-
dicated by the dlal gagoes and began at & shear stross
of about 12.5 kips per square lnch. Vieual inspection
of tho wobs on tho 40-inch boeams showed no obvious
wrinkles. On tho 25~-inch buams, the wedbs showed pro=-
nouncod wrilnkles of half-moon shape under the ends of
thoe uprights, whero the Joggles in the uprights left
the shcot unsupportoed and therefore incapadle of carry-
ing any compressive stress in the diroction of the up-
right Se

Il. ANALYTICAL INVESTIGATION

Formules Used for Strses- Analysis

The collectlon of formulas glvon in this sectlon
was chilefly intonded to describe the mcthods by which the
analytical calculations were made, Beyond thias purposo,
the collectlion may servo as a gulde for strcss analysls,

The formulns were elthor taken directly from refer-
ence 1 or are simple addltlonal applications of the basies
thoory dovoloped 1in this roforence. One importent modi-
fioation of the theory was medo. by dropping a simplify-
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ing assumption made in reference 1l; the nature of this
modification is discussed under the side heading Desigen

chart for incomplete dlagonal tenglon.

For certaln ltems of deslgn, no formulas have been
presented ln thlis section, elthsr because the experlimental
evidence 1ls inconcluslve or because no definite design
criterion now exlists, These ltems are dlscussed in the

correlatlve gtudy of the next sectlon. A careful perupsl

of the correlative gtudy should precede any attempt to
oapply the formulas given here.

Effective croge-pectional grea of uprightg.- Three
baslc types of upright are shown in flgure 14. 1In type

(a), doublo uprights symmetrical with respsct to the web,
the effeoctlve crose-sectlonal area of the upright equels
the actual area

In type (b)), single uprights on one side of the webdb, the
effective crosg-secctional arsa is defined Dy the formula
(reference 1, eguation (23))

(3)

iy, =

'—l
+
ol

where e 1s the distarce from tkhe wed to the centroid of
the upright. In type (c), where a transverse member such
as a bulkhead 1is attached by means of & connecting angle,
the effactive area AUe may be assumed to consiat of the

connecting engle and of an effective width of the trans-
versc mamber. This type of upright was not used in the
prosont investlgation and 1s included here only for the
sake of comploteness. No pert of the web was included
in the area Ay 1n any case,

Buckling stress of webt.- The buckling shear stress
Tey ©f the wod was obtained from figure 15 for simply

supported edges. This figuroe is based on the formula
developed by Timoshenko (reference 4). When some or all
of the odges of tho panels were clamped, the buckling
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stress T,, oObtained from figure 15 was multiplied by
the factor ’

(1 4+ 0,66 %2 f (4)

where p 18 the total perimeter of the panel and pe

the length of the clamped edges. The orlgin of the factor
1,66 for the condition of all edges fully clamped was dis-
cussed in reference 1,

The edge support givem by the flanges or the uprights
to the sheet was assumcd to be the equivalent of fully .
clampod edges when the sheet was clampod between two angles,
providec that cach angle was at least threo times as thick
as the sheet and had flat facos touching the sheot (fig.
16 (a)). Tho odgos of the sheet panal were takesn to be
the lines where the sheet emerged from underncath the
englos (A, fig. 16).

The cdgo support was assumsd to boc the equivalent of
simply supported edgos for the types of upright shown 1n
figure 16 (b)), (c), and (4); namely, doubdblc uprigkhts ccn-
slsting of uxtruded angles having crowned faces touching
tho shoot, double uprights heving a thickness about equal
to the thlckneoss of tho wob, and single uprights. For
theso 3 typos of upright, the edges of tha sheet pansel
wvoro trnken to be the rivet llnses. The assumptlions con-
corning odge support for upright types (a), (b), end (c)
wora suggosted by tho roesults of strain measurements -on
uprights. ¥or type (d), tho asaumptions are Jjustified
only inan lndirect manner by the f inal results. A method
of relating tho edge support to the thickness of the up~-
right snd the thickness of the wed is glven 1n the appendlx,

Degign chart for incomplete dimngonml tengion.- The
dogroo of development of the dlagonal-tension fleld is
pumerically defined by the diagonal-tenslon factor k
(reforoncoe 1), This factor specifies the portion of the
total shear thnt 1s carried by dingonal-tension actlon
of the web; it is & function of the rertio AUb/dt and

the ratio 1/T,, (referonce 1l). The numerical valuos
of the factor k were obtained by inspection from one
of the two design charts (fig., 17 or fig. 18). Lerger
coplos of figures 17 nnd 18 may bo obtalned on reguest
from tho National Advisory Committeo for Aeronautics.
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The stress in an upright can be caloulated by the
formula )

Op = kTdt tan o 5
7 by, + (1 - K)at (5)

In reference 1, this formula (equation (13)) was given
in a slightly simplified form by omitting the factor

tan aj} the omlssion was based on the simplifylng assump-
tion that o = 45%°, 1In order to obtain better agreement
with the test data over a wide range of variables, the
sinplifying assumption was dropped in the pressnt paper,
and the values of GU/T shown in figures 17 and 18 were

obtained from the corresponding valuses of reference 1 by
the following process of corrsction,

The values of UU/T glven in reference 1 were con-
sldered ag first approximationa. According to the theory
of pure iiagonal tension (reference 2), the angle o 1s
defined by the cequation

a € - €x
tan” o = T/ (6)

The magnltude of €. 1s negliglble 1n most practical
cases; the magnitudss of ¢ and ¢y were computed by

using the first approximations for the stresses as given
by referonce 1. Formula (6) became under these assump-
tlons,

tan® a = —=——ro0 (7)

where ov/T was the flrst approximation obtalned from

roference 1., The value of tan a was computed by formula
(7), and the first approximations of Oy/T obtained from

reference 1 were multlplied by tan o to obtaln the sec-
ond approximations that are given in flgures 17 and 18.
The difference between the first approximation and the
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‘second approximation is small whan the ratio "Aﬁe/ﬁt is
lergo but becomos quite large when this ratio is small,
Analysls of web strength.~ The streses in the web

vas cxpressed as an lUgqulvalent" sheer stress defilned
by the formula

Toq = (1L + kC4)(1 + kCy)/0p (8)

The factor (1 tekee 1into account the foct that the
engle o 18 somewhat less than 45° and 1s given by the
oxpression

1
1 sin 2a (9)

For convenlenco, the value of C; 1s shown graphically
in figuro 19. Tho expression (1 + kC;) 1is simply a
formula for stroight-line intorpolation between the
liniting cases of shear =-nd pure diagonal tension.

Figure 19 also glves +t2n o as & matter of some interest.,

The factor C,; 1is shown graphically in figure 20
nnd was obtained by o simple tramsformation from the
corresponding factor C, given in reference 1. If this
corrosponding fector is denoted temporarily by C,!, then

= 1
Oa Ca! =1 (10)

The expression (1 4 kC;) is ngain a formula for a straight-
line intorpolation between the limiting cases of shear and
pure diagonal tenslon., The porameter wid characterlging
tho floxlblllity of the flange 1s given by the expression

‘ -
t
wd = 0.89d (11)
J/QIT + 1)k,

where Ip and I are the moments of inertla of the
tenslon flnnge and of the compression flange, respectively.
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Formula (1l1l) 1s an approximation that 1s valid as long
as the ratio IT/IQ does not differ too much from unity.

The allowable web stress was computed by the formula
(all) = -k -1
Teq Tult Tult = 3 Cult (12)

This formula 1s equivalent to formula (22) of reference 1,
The values of T,7¢ and 0,34 Wwere taken from reference 5,

Anglysis of uprizhtg,- The stresses in the uprights
were computed by ths expreseslon

oy = Tlog/T) (13)

The ratio Oy/T wes obtalned from one of the two design
charts., For double uprights, Oy Trepresents the average
stress 1n the upright., TFor single uprights, Oy Trepresents

tho maximum stress, that 1s, tho strass in the fibers next
to the wob,

A visual study of upright failures has led tc the
concluslon that single uprlghts of opon cross section fall
as a result of twistlng forced by the folds in the webs
upon the uprights. Tho allowable struss for this typo
of fallurs was computcd by the ompiricel formulase

og(all) 12.5 tg/t kips per squaro inch (14)

og(all) 10.5 ty/t kips per square inch (14a)

Formula (1l4) may be considcred to represent the average of
the test date, and formule (14n) may be considored to
reproacent the lower limit of the test data.

Doublo uprights of opon cross scctlon mey fall by
forcad twisting or thoy may fall by column fallure. For~-
nulas (14) end (l4a) vwere used to chock against twilsting
failure, In order to check agairet column fallure, .tho
effoctivo column longth wns computed by the formula
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L =
15
8 f ( /) ()

for (d/h S 1.5)
With this effective length,. the slenderness ratio Lo/p

wves computed nand the allowanble stress was obtalned from
tho standard column curve for 245-T7 material as given
in referonce 5. '

Anglysis of rivets web-to-~flange.~ The load R

per inch acting on the web-to~Zlange rivets was calculated
by the formula

R = S(1 + 0.414k)/hn (16)

The allovable rivet loads were taker from refsrencs &, dut
a correctlon was made for the actual drill size ussd when
it was known, The use of this correctlon 13 suggested for
the analysis of test data but not for oridinary stross
analysis,

Analyglg of rive.ts upright-to~flangg.- The totel
force acting on the upright-to-flange rivets 1ls equal to
the internal force in the upright, which e

Py = Oydy for doudle uprights (17a)

Py = UUAUe for single uprights (17v)

The rivets in doudble uprights are Iin doubdle shear; rivets
in-singla uprights are in single shear. Formula (17Db)
nust be modifled by an empirical coofflclient when usod
for nctual stross analysis. (Sseoc section Corrslative
Study of Manufacturers! Tests and NACA Teosts.)

The allowablo loads on rilvete were. taken from refer-
enco 5, A correoctlon was mede for actual drlill size used
when 1t was known. The use of this corraction is suggested
for tho analysle of test data but not for ordlnary stress
analysls,
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Analygis of bogm deflections.- Tho beam deflections
were computod by the etandard method of adding bending

deflections and shear deflections. The moment of inertia
used in the computation of the banding deflections was
bansed on ths entlre gross section; that 1s, no deductions
wore made for Ineffectivenceess of the wed or for rivot
holes. The shear deflnctions were computed by the formula

5=.T—x. 1

whare == 1s the distaace from the reference astation to
tho statlon bolng concidured. Tha effectivs shear
modulus @G was obtolned from flgure 24 of roeference 1,
The corrovection to Ty for exceeding the proportional
limit was based on the tentatlve correction curve shown
in figure 21, which is besed on unpuhlished teets of

10 shear panels 0,025 and 0.040 inch thick., VWithin the
rather large scatbtor of the toet data, the curve wase
found to be Independent of the degroe to which the dig=-
gonal tonslon was developed and may thurefore be ussed
for the limiting case of unbuckled sheet when G5 = G.
The curve thon becomes ldentical with the shear sitresew-
stronln curve of the material.,

Analygie of glclad wobs.~ Tke most satisfactory

method of analyzlung =lclnd wobs was found to be the
following method: The aetual wedb thlckness ¢t was re-
Placed by an effective thicikness ¢, = 0.,9t, and the webd
wvas theax analyged ns thourgh 1t werc made of the basle
alloy alone, Tho coffoctive thickness ¢, was used in

all cnlculntions, including the calculation of T,..

Limitations on use of theory.~ On account of the
complexity of fthe problem of lincomplete diagonal tension,
it has not been posslible thus far to explore experimentally
the entlre range of possible design proportions; limita-
tions must therefore be imposed on the use of the theory,.
The necessity for certain limitations 1s apparent; the
nacessity for additional limitations may be dlscovered in
the actual usce of the theory.

Gorneral cxporience with probloms of olagstic Insta-
bility indicates that the thaecry —ill nced to be moiificd ~hen
the buckling strass of tho wob coxceeds the proportional 1limit
of tho materiel, or saporoximately 12 kips per squAaro inch
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for 248-T alloy. In the tests analyzed in this paper,
the buckling estress was always below the proportional
limit.

prerimental evidence ‘tends to indicate that the
theory of diagonal tenslon begins to break down when
the spacing of the uprights becomes larger than the
depth of the beam. The folds then have a pronounced
tendency to run from corner to corner of the panel 1in-
stoad of taking the direction indlcetsd by the theory.
At the same time the effeect of flexidbility of the flangos
increases rapldly, and there is at pressnt only frag-
mentary exporimental evidence to support the validity
of the theory under such clrcumstances.

The celculations for etructural efficliency glven in
the appendix indicate that, for web systems with double
uprights, the structursal efficilency tends to mero as
the ratio of wed thlckness to web depth decreases. Thils
conclusion appears reasonadle, TFor wedb systems with
8ingle uprightas, however, the calculatlons indicatae that
a flnlte value of structural efflclency 1s approached as
the ratlo of .web thickneses to web depth decreases in~.
definitely. The celculations also indicete that, as the
upright spacing decreases, the structural efflclency
approaches that of a webt not subjocted to dbduckling. These
rosults for hf/t-+ow and for d/h-=0 do not appear phys=
leally roasonable and are probably zcaused by fallure to
recognlzo tho exlstencc of & bending type of failure in
slngle uprights anelogous to tho bending fallure of double
uprlights, Cautlion should be usod, therefore, in the anal-
yale of wodb pystums wlth sirgle nprighte when the uprights
aro cloealy tpaced or when the thicknoss~depth retlo is
very small,

Correlative Study of Hanufacturers! Teets
and NACA Tests

In the light of the theory of incomplete dilagonal
tenelon in reference 1l as modified by the present paper,
a compreheneive study was made of more than 100 teets
made by five alreraft manufacturers in order to correlate
these testes wlth the NACA tests described in sesction I
and with the theory. Theo tests were confined, in general,
to determlnation of the yisld load and of the ultimate
load; no straln-gage data were included emong: the avallabdle
data. Tho tests furnished sufficlent information on several




20

items to permit a very substantial redunotion of the
NACA test program and were therefore of considerabdble
usefulness,

Unfortunately, the value of many tests was lessensd
by the lack of pertinent informatlion, Xor instance, the
shapes of bulb argle stiffeners were not given; it was
therefore impossible to calculate accurately the slender-
ness ratios of the uprights. Again, nominal thicknesses
were given instead of actual thicknesses, The results
obtained may be in error by as much as 6 percent owing
to this source of error alone, because the commercial
tolerances are of this order of magnitude, In view of
the incompleteness of the data, the individual results
obtalned from the analyses of these testes should not De
too closely scrutinized, For this reason, and also be-
cause the analyses are gqulte voluminous, no detalils are
glven in the following discussions, Only final conclu-
slions are given, based on the aggregate of all available
data.

Strength of web,- Tests made of squars shear panels
0,040 and 0,026 inch thick under pure shear (reference 6)
were generally in close agreement with formula (13) for
the allowable equivalent ghear stress when the sheet was
riveted to the outslde of the flange angles, When the
sheet was clamped between the flange angles, about 10
percent higher stresses were developed,

Among the avallable manufacturers'! test data were
eight tests of beams that failed in the wedb; in all cases,
the web was riveted tc the outslde of the flange angles,
The ratio of developesd strength to calculated strength
wag 0,99 £ 0,07, Correctione for actual propertles of
material were made, but the correctlons were based on un-
certaln date in gsome cases,

In the NACA beam tests reported herein, two wed fail-
ures were observed, discounting the fallure in the wed of
beam 40-3 damaged by accidental contact with an electric
welding torch, Theee webs were clamped between the flange
angles and developed 1,04 £ 0,03 times the predicted
gtrength based on formula (12), The developed strength 1sa
therefore 6 percent higher than the developed strength of
the group of beams with the webs riveted to the outalde of
the flange angles; whereas, the tests with the square shear
panels of reference 6 indicated a galn of 10 percent due
to clamping the web between the angles, A possidle reason
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for tho-discrepancy is as follows: The flange angles
uged for the beam teste (section I) were 245-T aluminum-
alloy angles with a falrly smooth finish. The flange '
anglea used for the shear panel tests, on the other hand,
were structural-steel angles with.-the usual rough finish.
The angles with the rough finiech can probably develop
larger friction forces on the sheet than the angles wilth
the smooth finish, and these frictlon forces relieve the
endangered sectlion of the sheet.

The toests dlscussed thus far include only beams 1in
which the influence of flexibility of the flanges was
small (Cg < 0.04). The etrain-gage tests of beams 25-23
and 25-65 tend to indicate that the factor Cz; gives
reasonably correct stress values when Cg = 0.3. A wed
fallure in a beam with Cg = 0.5 1indicated that large
theoretical values of Cg may tend to be slightly con~
servative. ’

The usual method of reduclng test results for material
propertles 1n excoss of minimum guaranteed values was
followed in thess analyses. Thils method 18 based on the
propertles obtained with standard tensile spoeclmens, The
discussion of tho rvsults 1n reference 6 pointed out that
thig method 1s quostionable and may bse 1in oerror by as much
»a8 10 porcent because tho stress-concentration factor for
holes is not equal to unity, as commonly assumed for static
strength calculations. Tho toest results of refereoncoe 6
also 1ndlcatec that tho stross-concentration factor is not
constant nnd somctimes variles 1n such & manner as to nul-
1lify o highor strongth shown by a standard teonsilespeclmen,

Strength of uprighte.~ 1In slnglo uprights of open
section, failuro 1s apparently precipitatod when the folds
of the wob force a locallzod twlsting of the uprights.

The twlst causos a locallzod woakening of the uprights;

the final fallure may therefore be a bending failure.
Double uprights are susceptible to the same type of fall-
ure anrd must be separately checkad against fallure bdy
forced twistling and agailnst column failure. Double as

well ns single uprights must, of course, be chacked agalnst
the posslbillity of failure dy local 1nstabdility.

The empirical formulas (14) and (l4a) for upright
stresscs causing fallure by forced twisting were obtalned
from an anelysls of the mnnufacturers! teste. The tests
included all types of etiffoner commonly used; namely,
buld angles, plaln formed ongles, and formed angles wilth
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lips. Tho stresses in the uprights were calculated by
the formulas given in the preceding section, Single -
uprights woro assumed to furnish the squivalent of
simple support to the sheet,

It was found by trial that the upright stresses: de-
pended primarily on the ratio +ty/t. Flgure 22 presents
the plots of test polnte; the siraight lines arse graphlcal
ropresentations of formulas (14) and (l4a)., The figure
indicates that the average agreement between the tests and
formule (14) varies somewhat with the beam depth., The
formule 1s conservative for the group of beams 10 inches
deep becomes gradually less conservative, and bocomes
finally unconsorvative for the group of bteams 40 inches
deep., Tho formula agrees felrly well wlth the avorage
of the largest group, that 1s, the 3IO-inch group. Within
the ronge coverced by the tests, the .propertics of the
meterial are independent of the absolute sizes. The appar—
ont decrease of ultimate upright stresses with increasing
beam depth probably indicates thet the ultimate stress
deponds on & moro comnpllicated function than the ratio
ty/t. The observed docrease of ultimete stress may also

be merely accidontal and may disappear when the number of
tosts annlyzod becomos much larger than the numbor now
avallable.

Tho last explanation 1s supported by the test results
shown 1n flgurc 23, which lnclude rcsults for six boams
48 inchos deep; the results are in fair agreement with
formula (14). The results shown in figure 23 were obtained
with beans having doudble uprights alternating with single
uprilghts, usuzally of different slze. It was assumed, Do~
cause the udrights were closely spaced, that the stress con=-
dition.-doeperded on the average offoctlve cross-sectional
arcn of the uprights; tho allowablo stress was determined
soparantely for double uprights and singlo uprights, Fall-
ure occurred 1n some beams in the double uprights, and in
other beams in the single uprights; the canlculations in-
dicated correctly which type of upright should fall first.
This fact, as well as tho egrsement with formula (14) in-
dicated by figure 23, may be taken as vindlcating the
method of ‘analysls used. Since the 48~inch boams of
figure 23 give results 1n agrooment with formula (14), it
seons reasonably safe to cssume that the formula is wvalid
for all becam dspths up to at lemgt 50 inches.

. Por actual etrcss ana}ysis. it ip recoﬁmandei p:aﬁ
the nore conservative formula (l4a) be used. As figure 22
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indicates, this formula represents falrly well the

lowsr 1limit of the test data. The two low polints in '

the 20=1nch group are probadbly "willd." The low polnts

in tke 30-inch group At low valuass of ¢ /t suggest that
the edge support glven by thin uprights should be con-
sldered as less than the equlivalent of a- simply supported-
edgo. (See the appendix.)

Double uprights, as mentloned before, may fall by
column actlion or by forced twisting. Tormula (15) for
effective column length was based on the NACA tests
(section 1) and replacee Wagrer'!s theoretical curve of
the ratio or theoratical buckling load Vp to Buler load
Pp. (See references 1 and 2.) Formula (15) indicates
tEat the bracing offect oxerted Dy the wed on the uprights
is much less than predlcted by Wegnert!s theoreticel curve,
even when Wagner!s curve for pln-ended uprights 1s applied
to uprlights attached with two rivots or bolts. In the
limiting case of vory emall spacing of the uprights,
Wagner gives e value of Vm/Py = 7, while formula (14)
gives = 0.5 uorreaponging to Vp/Pg = 4. A partial
explanetion for the hligh values obtalned by Wagnor may 1lle
in the fact thnt the observed pattern of fallure did not
agree very well with the slmple pattern @assumed by Wagner
for his straln-energy calculatlons of the strength of
uprights.

As table II indicates, formula (15) tends to give
slightly conservative results. Attention 1s called to
the fact, however, that 1t is important to use actual
instead of nominal values of the depth of the outstanding
leg in order to obtaln correct valuss for the radius of
gyration, §Some allowance shounld be made for the fact
that in extruded angles the full thickness of the leg 1s
not carried to the extreme tip.

Partlcularly lnstructive are the tests wlth double
uprights included in figure 22. (Calculations show that
the stresses developed by the double uprights on the 30-
inch beams are only fractions (0.3 to 0.6) of the stresses
that would produce column falilures. -

Strength of rivets web-to-flange.- The actual strength
of the web~to-flange rivete 1ls usually well in excess of
thelr nomlnal strength. Part of thls excess strength can
be traced to the fact that the holes are always drilled
overglze to facllitate insertion of the rivet; the actual
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eross sectlon of the rivet ls therefore larger than the
nominal cross section, and the excess is quite large in
the smaller sizes of rivets., There 1s also a change in
the strength properties of the rivet as 2 result of the
driving operation (referemnce 7).

Since the factors glvling excess strength to the
rivets vary from case t0 case, 1t 1ia advisable to base
the stress analysls on the nomlnal strength. Test re-
sults should be roduced to the nominal strength analogous
to the manner of reducing othor test results to minlmum
guarantoed propertles,

The avallable date included five fallures in tho web-
to-flange rivets. A comparison of the rivet loads com-
puted by formula (16) with the strengthe of the rivets
based on the drill size indicated that formula (16) was
always conservatlive, the minlimum margin found belng 2
percent., The use of hg instead of hp was found to

be unconservative 1n some casea} this fact 1is mentloned
because hg is frequently used in all formulas for the
deslgn of glrdors.

Formula (16) is simply a straizht-line formula for
interpolating between the limiting cases of shear and
pure diagonal tenslon. Under a rigorous interpretation
of the theory of incomplete diagonal tension, separate
rivet loads would be computed for the diagonal~tensilon
load k§ and the shear load (1 - k)S and would be
added vectorially. The rivet loads obtained in thils
manner are lower than those obtained by formule (18) ex-
cept for kX = 0 and k = 1, the maximum difference being
about 9 percent at k & 0,4, The rivet loads found by :
vectorlal sddition were found to be too low by 5 percent
in two cases, compared with the actually developed
strengths of the rivets. The use of formula (16) 1is
therefors recommended, although the method of vectorlal
addition of pagrtial loads may appear to be more rational.

In the tests referrcd to, the webs were rilveted to
the outsildo of the flange angles; 1t is probable that
slightly higher rivet strengths can be developed when the
web 18 clamped between the flange angles.

Strength of rivetg upright-to+«flanzo.,~ Tho avall-
ablo experimontal ovidence on the strength of the rivets
in the onds of the uprights was fragmentary. It has boen
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customary to deslgn these rivets cither on the basis of
the pure dlagonal~tension thoory or on the basls of the
thoory that all shoar in excess of the critical shear

is carried by diagonel tension, These theorles .give

very conservative results and, consequently, there were
practlically no records of fallure of the rivets among

the avallable test data. Indirect evidence was obtalned
by comparing the strength of successful rivet Joints with
the calculated loads on them, In the NACA teste of section
I, boltes were used instead of rivets because 1t was con-
sldered more lmportant to obtain data on faillure of the
uprights than data on the fallure of rivets.

The load on the end rlvets of double uprights 1ls givea
by formula (17a). There was a rocord of one failure bdut,
in this case, the nominel strongth of the rivets was only
about one-half the load celculated by formula (1l7a). IBx-
aminatlon of successfal rivet Joints 1ndicated that formula
(17a) 1s probably always oconsorvative, dbut it 1s impossidle
to glve definlte quantlitotlve data because thero was too
much uncertainty about scme of the basic data, particularly
on the actunl strength of the rivete.

The force on a singia upright 1ls theoretically
Py = dyldg,

Since the upright is eccentrically loaded, some allowance
must be made for bendirg in the rivet. The simplest method
of maeking this allowance 1s to multiply Py by a factor

larger than unity to obtain a design load. Among the avall-
able test data, ware data on two fallures of end rivetas

in single uprights. These tests indicated that the wvalue

of Py given should be doubled to obtain a design load,

The calculations were uncertain, chiefly because the shape
of the cross section of the bulb-angle uprights was not:
known and consaquently AUe could not be calculated wlth

any doegree of certainty. A definitely conscrvative deslgn
procodure for these two cases would be to0 apply formulas
(17a). It 1s recommended, therefore, that formula (1l7a)
be used for single uprights as well as for double uprights
until additional experimental evidence 1s obtained.

Bivets uwpright-to~web.~ The dosign of the rivets
between uprights and wed rests on a vory uncortaln basis
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for single uprights as well as for double uprights,.
Deelign criterlons are sither of an indefinite nature or,
although definlte theoretically, cennot be rcadily trans-
lated into speclflic deslgn requirements.

For single uprights, a possiblo criterion for design-
ing the rivots 1s givon by the conslderation that the
rivet line shovld give to the sheet as much support as
posslblo in order to increase tho buckling stress. Theo
equlvalent of a simply supported edge can possidbly be
obtained with a practical rivet pitch, but the number of
rivots necessary to achieve this purpose 1s not known at
present end probably varies considerably, deponding on
the interpretatlon of the torm tequivalent of a simply
supported edge." One method of design (reference 8) is
to0 choose the rivet spacing such that the webd does ot
buckle between rivets under the compressive stress acting
on the uprights. The question arlses, however, whether
it is necessary to prevent the occurrence of this dDuckling
until the maximum load has been reached or whether 1it
might bo permissible to let buckling begin after the de-
slzn yleld load., An upper 1limilt for the rivet pitch 1is
given by the criterion p<d/4 suggested in referenco 1,
Thig criterlon 1s based on the essumptlons that one fold
beging at each upright and that the rivet piltch must bhe
legs than one-fourth of the wave length in order to break
up the wave pattern, The assumption that one fold starts
at sach upright does not hold for all poselble design
proportions, although for aluminum alloys 1t probdably
holds over most of the practical range.

In double uprights expected to faill as columns, the
rivets chould theorstically be designed to withstand the
longltudinel shear force 1n the upright. Thils shear force
cannot be calculated unless the deformatlon of the uprights
at the instant of fallure 1s known, and the calculation
of this deformation 1z beyond the limitations of the lin-
sarlized theory of column ectlion. For columns made of
stoel with a well-defined yleld point, some progress has
boen mado in calculating the deformations. For materials
with curved strese~strain dlagrams such as aluminum alloys,
the calculations wlll bo much more difficult; they are
further complicated by tho bracirg action of the wseb and
by the fact that the strength of tho rivets affects the
Btrength of the uprights, ns shown by the tests on beams
40~4a, 40-4b, and 40-4c. On the mcager evidenco gilven
by the threo NACA tosts, 1t 1s suggostsed that the total
etrength of the rivots 1n double shoar bo made at loast
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equal to the load Py on the upright and preferabdly
equal to twice thisg load. - .- S,

In doublé uprights expected to fall by forced twvigting,
more attention should perhaps be glven to close.spaclng of
the rivets than to the strength of the rivets.

Permanent get.~ In the manufacturers! tests analyszed,
permanent set was determlined by .one or several of the
following criterions: 1loess of tautness of the wed, deter-
mined by feel; permanent dbuckling of the wed as & whole,
determined by a stralght edge; appearance of definltely
vislble shear wrinkles 1n.-the corners; and, finally,
vislble permenent set in t he uprights. One report mentions
that the methods employed gave lower yileld loads than the
deflection readings, but there is no record of deflection
readings boyond this pessing mentlon. The data on yleld
loads glven in the test reports amnalyzed have, trersfore,
the common feesture that they are not based on quantitative
neasurements., SubJective methods of the type used may
conceivably yleld reasonably conslstent roscults when em=-
ployed by one engineer within the compess of one test
serles. Results obtained by different engineers, on the
other hand, may be expected to show a large emount of
scatter,

Examinetlion of separate test serles lndicated large
scatter within each test series; the svxperimental shear
stresses producing permanent set ere therefore shown as
a composlte plot in figure 24, The shear stresses were
caloulated by the formula

T = 8(1 + k0y)(1 + kC3)/het (19)

The correctlon factor kCy, was always falrly small, but
the factor kC; was greater than 0.6 for a number of beams
and wae 0.76 for ona beam. The test points in figure 24
indicate that permanent set heglns at shear estresses as

low as 11 or 12 kips per squere lnch., This result 1is 1n
agroement with the results obtalned from the mvasuremonta
of permancnt defloctions 4in- the NACA -tests (table II).

Tost englneers apporr to de moro or less in sagreomont
that a sovero wolght penalty would be imposed upon the
designer 1f he waro requirod to doslgn a beam 1n such a
manner that no wrinkloe romain percoptlble after the dosign
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yield load hes boon appliecd ‘once. A requiromont of this
nature would also appear to be not entirely conslstent
with the fact that eimple members may be designed to
reach, at the design yleld load, the specification yleld
stress of the materiel,- The specification yleld point

is not defined as the minimum perceptible permanent set
but as a well-deflned, fairly large permanent set, In
view of these conslderations, it would seem advisable

to substitute for the somevwhat vagus concoept of permansent
8et two separate concepts, namely, permanent shear deflec-
tion and permanent wrilnkles,

It seems roasonndbla to assume that the pormanent
shear deflectlon can be caleculated by relating the shear
stress given by formula (19) directly to the offective
shoar stress-~straln curve of the materiecl. - The only res-
ervation to be made 1s that the factor O must not be
too large, because a largo frctor Cgz; 1s assoclated with
e large concentration of shear stress, and tho shear de-
flection of the beam is a function of the average shear
strese rather than the maximum shear stress.

In reference 9, dealing with torslion tubes of 178-T
alloy, 1t waas suggested that the yleld sheer strass be
defined as the stress at which /6 = 23/3. If this sug-
geation 1g followed, the curve of figure 21 glves a yleld
stress of 24 kips per aguare inch. Thls valus is 1in reason-
able agreement with the yleld stresses of 22.5 klps per
square inch for 17S~T alloy mentioned in reference 3 and
23.3 kips per square inch given 1n reference 9, The elastilc
limit of 248-7 alloy lios at 12.5 kips par squaro inch 1f
figure 21 1s usod as basls.

The results shown in flgure 24 indicate tkhat the shoar
stresses producing permanent wrinkles lle anywhere between
the elastic limit and the yileld stress for sheets less than
0,06 inck thick. Jor thicker sheete, the stress producing
parmanent wrinkles 1ls nearer the yleld stress, but the
number of tests 1n this roglon is small. It 1s interocsting
to note that the lower limit of tho scatter dband in flgure
24 may also be explained by referring to the experimental
rosults of Wagner and Lahde given in roference 10, These
exporimonts showed that the maximum stresses around the
edges of a shest panel in shear are ebout twice ab high as
the average astresnses,

Permanent wrinkles may be caused by compressive siresses
in the sheet where the Joggle of the upright leaves the sheet
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without support. This type of wrinkle can probably be
predicted by the method nsed for predicting the dbuckling
of sheet between rivets (reference 8),

Langley Memorial Aeronauvtical Laboratory,
National Advigsory Oommittes for Aeronautics,
Langley ¥Field, Va.

APPENDIX
STRUCTURAL EFFICIENCIES OF DIAGONAL-TENSION WEBS

The formulas for stress analysis presented in this
paper are reasonably adequate for tho design of the wabd
and of the uprighte. It seemd appropriats, therefore,
to re-examine the gquestlon of structural efficlencles
obtalnable by balanced deslgns in which the wed and the
uprights fall simultaeneously.

Wlthin the range of wvalidity of the formulas glwven,
the stresses doveloped depend only on the proportions of
the wob systems and not on thelr absolute sizes. The
range of validlity of the formulas may be assumed at least
to equal the rango of the tosts, that 1s, to cover wed
depths up to 50 inches and wobd thicknesses up to 0,091
inch, subject to the limltatlon that Ter must de less
than tho proportionsl limit of tho matorial. All curves
shown in the appendix comply with this.limitation.

In order to reduce the large amount of computational
work, a standard shape of cross section was assumed for
tho uprights., For simplielty, a simple angle was chosen..
The outatanding leg was agssumod to be twlce as wlde as the
leg attached to the wed to glve a section efficlent 1in
bending, The width-thickneas ratlo of the outstandiag log
vas assumed to be b/ty'= 12, to eliminate the possidbllity
of elastic instabllity of the free edge. With these as-
surptliona, the following relations were obtalned for double
uprights:

Ag = 3bty = b3/4

p = 0.471b
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and for single uprights:

b=
n

v?/8

Ag

aj16
= b8/l

The material was assumed to be 245-T alloy. The strength
values ahd ths column curve were taken from raference 5.
The rivet factor was taken as Cp = 0.80., Formula (1l4a)
wes used to obtain the allowable stress for twisting fall-
Uro.

The buckling stresses waro computed by the formula
Ter = Ky Ter(supp)

where T,p(supp) 1s the buckling siress for psrals with

slmply supported edgos glven dy figuro 15 mand X1 1is a
factor dopending on the uprights as shown by filgure 25.
The curve for K, 1s based on very limited oxperimontal
evlidence but, slnce changes in X3 do not affect the
finanl result very much, tho curve may be used for most
practical purposes. The particular menner 1n which the
factor X, was emploryed here lmpllies the asssumption that
the method of edge support along the flanges 1s the same
as along the uprights,

On the basls of the ascumptlons outlined, & number
of web systems were desigred such that the webs and the
uprights would fell slimultansously. Curves of the struce
tural efficlesncles of the web systoms with double uprights
are shown in figure 26, The messure of efficlency used 1s

the strengths of the webs divided by the volume of material

per ilnch run V¥V, or the average shear stress based on all
the material in the wed system. The calculations showed
that at large values of h/t (4000 and 2000) double wup-
rights fail by column bending. The curves pertalning to
fallure by bending are concave downward in figurc 26, As
h/t decreases, a point is reached where the uprights fail
by twvleting before they can fall by bending., The curves
pertalning to twilsting failure are concave upward in filg-
ure 26, Yor h/t = 1000, tho curve for bending fallure
and tho curve for twisting fallure intcrsect twice. When
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d/h 1s either near unity or whon it 1s small, bending
failure ig-deeclsive,  ‘For-intormedlate .values .of_..d/h,
twisting failure is decisive; the declsive typo of fall-
ure in each caso is indicated dy full lines in figure 236,
At h/t = 500, twisting failure is declsive except at
emall values of d/h.

Inepection of figure 26 leads to several conclusions
of goeneral interest. One conclusion ie that the struc-
tural effliclency increases as the value of h/t decreases,
The reason 1s twofold: As h/t decreases, the state of
stress 1n the wed approaches more closely the state of
shear, and the allowable equivalent shear stress lncreases,
At the same time, the load imposed on the uprights decreecses,
and emalloer uprights may bo used.

Another conclusion that may be drawn from figure 26
concerns the upright spacing glving tho greatost structural
officioncy. At very large valucs of h/t, the greatest
offlclency 1s obtained when d/h oquals unlty. Some cautilon
should be used in the practlical applicatlion of thls conclu=-
slon, because the calculations on which figure 26 1s based
neglect the Influence of flexibllity of the flanges.,

At smaller values of h/t, when twisting becomes the
declsive type of fallure, the best afflclency is obtalned
by using closely spaced uprights. The curves for twlsting
fallure continue to rise as d/h decreasos, and the
etrength-volume ratio approaches the limiting value COgTyj4e

The onsct of column fallure, howover, makes 1t lmpossidla
to reallizo the high efficiency that could be obtalned 1if
fallures were confined to twietling fallures.

The results of the calculations for eslngle uprlghts
are shown 1ln filguro 27. The curves have a somowhat unusual
appoarance and are apparently of an osclllatory nature.

The curves tond toward the limiting value of §/V = CpT.q,

in tho same manner as the corresponding curves for twisting
fallure of double uprights in figure 26. The curvos for
double uprights are, however, provented from reaching tho
liniting value ORTult Dy the fact that bending failure
becomes controllingi the theoreticel curves for single up-
righte, on the other hand, ccn actually reach the limiting
value because the method of ananlysis used does not recognize
the possibillity of bending fallures in single uprighte., XNo
@oudt such frllures are possible; in the limiting case of
very closoly spacod uprights, tho theory of duckling of an
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orthotropic plate (reference 1) should be applicable,
Because little 1is known about the valldity of this theory,
no attempt was made to teke into account ths possldility
of bending fallures in single uprights. In view of thils
fact, results concerning closely spaced single uprights
should be consldered with grent caution,

Fallure to take into account the possibllity of bend=-
ing failures 1n single uprights 1s probadbly also responsl-
ble for the fact that figure 27 1ndicates a finite value
of structural efficlency for h/t »w, while the struc~-
turnl efficlency of webs wlth double uprights decreases
indefinitely as h/t 1increases.

In the deslign of web systems, the glven quantities
ere rormally the shear load § and the depth h, It
is customary to_comblne these quantities into tho struc-—
tural index ./%7h. which 1s based on the principle of
structural similarlty stating that strosses in geometri-
cally simllar structures are ldentical when the loads are
proportional to the square of the linear scale ratilo,
Structures having the same index values have the same
stresnes,

In figure 28, the strength-volume ratlios for webds
with double uprights and for webs with single uprilghts
are plotted ageinst the structural index, The dis~-
contlnuity in the curves for single uprlghts is caused
by reaching the limiting stess value of 50 kipse per
square 1lnch in the uprights. The tost rangs 1indicated
is the range of manufacturors! tasts, which 1lncludos
that of the NACA boam tests. Well within the tost range,
there is little to choose boetween slngle uprights and
double uprights. Near the bordoras of the tost range,
the singlo uprlghts becoma more efficicnt than the double
uprights, It should be borne 1n mind, however, that tho
unrestricted validity of the formula for twisting fallure
becomes questlonable nsar tho borders of the test regilon,
Tho curvos in figureo 28 sghow more cleerly than figures 26
and 27 the manner 1n which the structural efficlioncy varles
with the h/t ratio. This comparison 1s possidble dbeceuse,
for practical purposes, the retio h/t may be used 1instead
of the index value ./S§/h when only structures made of the
samc materlal aro being studied.

Of conslderablo practical intoerest 1s tho mngnitude
of the roinforcoment ratio Ag/dt. Figure 29 shows
graphically hew the reinforcoment ratio varles with the
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struotural lndex. These curves may be used %o obtaln

an estlmate of the mmount of gtiffening required 12 a
glvon dedlgn, '~ Sihce the ‘Bhape of the upright--chosen will
probadbly differ from the standerd shapo assumed for thase
calculatlions, 2 final ananlysis must . be made in most cascs
to choeck the strength of the web systenm,
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TABLE I. - PROPERTIES OF NACA BEAMS .

VYOVN

Beam h hy hg hy t d % I(Jgg;%g:; Ay = Age idg_:_ P F%gzg;s wd Ter
(1n.)] (1n2)| (1n0)| (1n.) (1n.) | (1n.) size) | (aq in.) (na | (;;Hﬁ—)
40-1 {41.1 {40.0 |38.6 {38.6 [0.0425/10.0 {0.25|exlxg | 0.338 |0.795[0.256 212::& 1.2 1.83
4o-2 | 41.1 | L4o.0 |38.6 |38.6 | .o425/10.0 | .25 1:31% 384 4 .903| 490 2x2x% 1.12 | 1.8%
40-3 |43.1 {L1.hy {40.6 |38.6 | .0392/20.0 | .L9|1xgy 38 | .490| 490 |3x3xde [1.52 | b2
Lo-La| 3.1 | l2.y |40.6 |38.6 | .0390[20.0 | .49 &xgxlg 2353 | .L45L4| 351 3x5!155 1.52 | W42
40-Yb} 43.1 |41.k [40.6 [38.6 | .0390|20.0 | .49 &:@x% 355 | L5k .351|3x3xgk 1.52 | b2
i0-Lef 43,1 {42l |40.6 |38.6 | .0390[20.0 | .49 &x}x& 353 | WUSk| .3513x3x [1.52| k2
25-1 | 26.1 |25.0 |23.9 |23.9 | .0102{10.0 | -.4o| dxdxske 1123 |1.206| .252|2x2xgc 1.2 | .11
R5-2 | 26.1 |25.0 |23.9 {25.9 | .0105{20.0 | .Bo}dxd | .125 | .586 .232|2xexg |2.51| .ob
25-3 [26.1 {25.0 |23.9 |23.9 | .0116{10.0 | .40 ﬁx%.x%g 110 | .952 .167 2x2xﬁ. 1.29 1l
25-l | 26.1 |25.0 |23.9 [23.9 | .0153[10.0 | .40 ﬁ%xrlg Jdal | .7hT| .182|oxexde {1.38 | .25
25-5 | 26,1 |25.0 |23.9 |23.9 | .0150|20.0 | .80 4% 269 | .897| .2U7|ex2xge |2.72 | .08
25-6 | 26.1 |25.0 [23.9 |23.9 | .0162{20.0 | .80 1951%1%2 206 | .635| .2l1|2xaxge [2.79 | .09
p5-7 [26.1 |25.0 [23.9 |23.9 | .0402|10.0 | .Lo|gxgx.0k0| .l01 | .252| .291 1.75 | 1.12




TABLE II

SUMMARY OF NACA TEST RESULTS

TABLE III

STRENGTH OF UPRIGHT-TO-WEB RIVETS (NACA TESTS)

Beam | P, | P3¢ | Failure | Py, 8!
(kips)| (kips) Cale Py ¥
ho-1 | 3,11 |27.40 | Uprights| 1.03 0.995
lo-2 | 3.11 [ 39.30 | Flange (a) .995
L4o-3 | .68 |37.00 |Pweb (a) .978
Lo-ha| .67 [30.30 | Uprignts <99 976
Lo-4p| .67 |32.10 | Uprights| 1.05 .976
Lo-bei .67 135.70 | Uprights| 1.17 .976
25-1 .03 1 6.80 | web (a) 934
25-2 | ..01 | 8.30 | Uprights| 1.37 .928
25-3 04 | 7.60 | Web (o) .939
25-4 «10 | 7.80 | Uprights| 1.06 .952
25-5 .03 [10.90 | None (a) .952
25-6 .09 110,00 | Uprights]| 1.22 <953
25-7 | 1.13 |12.70 |®vprignts| .96 .980

.Uprightl d1id not fail.

bPrQnaturo failure owing to accidentally damaged

web.

®Pailure precipitated by forced twisting.

mate fallure at end of one upright.

Ulti-

Rivets Rivet Cale oy|Cale P .
Beam Qt(xﬁxlzzs-T) ltr;nﬁth at n:%: 4 lt._.u%.t?- 3: ,u ’._gtn_ _t__
tity (ﬁg (k1bs) .qi ;. 1(xips) '=

ho-r | 12 | § | 7.9k | 7.90 | 2.67 | 2.97 | 1.03
bo-2 |12 | & | 7.5% | 1190 | B5T |2 | ()
bo-3 | 12 | & | 7.9k | 2420 | 930 | .85 | (b)
bo-hal 12 | § | 7.9% |19.60 | 7.00 |23 | .99
bo-lv| 12 | o | 12.45 | 20,20 | 7.48 | 1.66. | R.0%
ho-he| 25 | oy | 23.85 |2h20 |8.56 |2.79 | 1.7
a5-1 | 5 | § | 330 [18.30 |25 147 | (&)
25-2 | 5 b 3.30 | 30,00 | 3.69 .90 1:37
253 | 5 [ § | 3.30 |2a.20 |25 |1.35 | o)
25:0 | 5 |4 | 330 |18.30 |2.08 [1.59 | 1.06
255 5 | § | 330 | (&) [ [t | b
256 | 6 | oy | 6.2 |28.00 |5.77 |1.08 | 1.22
57| 8 | & | 530 |9.60 | .97 [sdr | .96

.Doublo shear.

b

Uprights did not fail.

Crest stopped before failure.

YovK



TABLE IV
PERMANENT BEAM DEFLECTIONS (NACA TESTS)

Total Shear Permanent
Beam P T deflection |deflection| set of Pult
s o p

(kips) (F?‘ET) (inf%p ?i‘nt% ti?ig?)n (kips)
L0-1 |20.00 | 11.76 | 0.395 0.296 Y0.004 | 27.40
40-2 {15.00 8.82 .298 22l .000 39.30
4,0-3 |15.00 9.2l 329 .285 -.002 | 37.00
4,0-La|15.00 9.30 371 327 .006 | 30.30
25-1 | 4.00 | 15.68 | .77 o1 019 | 6.80
25-2 | 1.50 5.73 169 139 .002 6.30
25-3 | L.00 | .13.78 <391 .319 .007 T.60
25-L4 | 7.00 18.26 .570 L0 .009 7.80
25-5 | 4.00 | 10.57 .323% 249 .001 |%10.90

&est stopped before failure.

YOVN
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Figure 3.- Beam g85-1 after failure
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NACA | Fig. 5

Flgure 5.- Beam 35-6 after fa.llure of uprights by
column bendlng.
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Figure 14.— Basic types of upright
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Figure 28.— Strength-volume ratios for diagonal-tension web systems.
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A-H-B Double uprights failing by bending
C-H-D Double uprights failing by twisting
E-F-

G Single uprights
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Figure 29.— Reinforcement ratio for diagonal-tension web systems.
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